Multiply
By To obtain Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:°F = (1.8 x °C) + 32.
Abbreviated water-quality units used in this report: Chemical concentrations and water temperature are given in metric units. Chemical concentration is given in milligrams per liter (mg/L) or micrograms per liter (µg/L). Milligrams per liter is a unit expressing the concentration of chemical constituents in solution as weight (milligrams) of solute per unit volume (liter) of water. One thousand micrograms per liter is equivalent to one milligram per liter. For concentrations less than 7,000 mg/L, the numerical value is approximately the same as for concentrations in parts per million.
Bacteria concentrations are given in colonies per 100 milliliters (col/100 mL).
Specific conductance of water is expressed in microsiemens per centimeter at 25 degrees Celsius (µS/cm). This unit is equivalent to micromhos per centimeter at 25 degrees Celsius (µmho/cm) formerly used by the U.S. Geological Survey.
Stable isotope ratios are indicated by use of the delta symbol (δ) coupled with the atomic mass and chemical symbol, such as δ 15 N, and are expressed in parts per thousand (per mil) relative to a standard. The isotope itself is simply expressed as 15 N.
Turbidity is expressed in nephelometric turbidity units, abbreviated as NTU.
Filter pore size for inorganic constituents is 0.45 micrometers (µm). One micrometer is equivalent to 0.001 millimeter.
Vertical coordinate information is referenced to the National Geodetic Vertical Datum of 1929 (NGVD 29).
Altitude, as used in this report, refers to distance above the vertical datum.
Horizontal coordinate information is referenced to the North American Datum of 1927 (NAD 27).
Introduction
Elevated levels of nitrogen-based nutrients such as nitrate can contribute to degradation of surface-water bodies through eutrophication and eventually can create hypoxia, such as that found periodically in the Gulf of Mexico (Battaglin and others, 2001) . Nitrate concentrations greater than 10 mg/L in drinking water from surface-and ground-water sources is a public-health concern. Nitrate ingested at high concentrations can interfere with the oxygen-carrying capacity of blood in infants (a condition called methemoglobinemia) and may contribute to the formation of carcinogenic nitrosamine compounds in humans (Shearer and others, 1972) . Consequently, the U.S. Environmental Protection Agency (USEPA) regulates public-water suppliers for nitrate and has established a maximum contaminant level (MCL) of 10 mg/L (U.S. Environmental Protection Agency, 2003) . Nitrate concentrations have exceeded this MCL in some public-water supplies in the U.S., largely because of overuse of fertilizers and contamination by human and animal waste.
Many residents throughout the Elk Creek watershed in southwestern Ohio depend on ground water as a drinking-water source. The City of Trenton, Ohio, withdraws water from a buried-valley aquifer underlying the southeastern part of the Elk Creek watershed ( fig. 1 ). The city sampled ground water from a potential public-water-supply well completed in a sand and gravel aquifer for several years prior to bringing the well into service in 2006. Nitrate concentrations in some of these samples exceeded the MCL of 10 mg/L (Todd Kehr, City of Trenton, oral commun., 2003) . No studies had been conducted to determine if nitrate exceeds the MCL in other parts of the Elk Creek watershed or to identify the source of nitrate in ground water near the City of Trenton. To address these issues, the U.S. Geological Survey (USGS), in cooperation with the Miami Conservancy District, conducted a study to evaluate nitrate concentrations and sources in the Elk Creek watershed during 2003 and 2004. Land use is predominantly (93 percent) agricultural; 4 percent of the watershed is urban. On the basis of land use in the watershed, possible nonpoint sources for nitrate include commercial ammonia and nitrate fertilizers, manure, naturally occurring soil organic matter, nearby septic effluent, and atmospheric deposition.
Nitrogen isotope ratios can be used to identify potential sources of nitrate in ground water (Komor and Anderson, 1993; Böhlke and Denver, 1995; Kendall, 1998) . Different sources of nitrate have characteristic ranges of nitrogen-isotope ratios. Analyses of water samples can be complicated, however, by natural processes such as denitrification, ion exchange, and (Kendall and others, 1995) .
Study Approach
The study was designed to assess the distribution of nitrate in ground and surface water throughout the watershed and used a dual-isotope approach to identify nitrate sources. The fieldwork for this study was divided into two phases. The lower watershed, south of the confluence of Dry Run with Elk Creek, was sampled in phase one. The upper watershed, north of the confluence of Dry Run and Elk Creek, was sampled in phase two ( fig. 2 ). Fieldwork during phase one was conducted September 30 to December 18, 2003, with emphasis on collecting ground-water data north of the City of Trenton. Field work during phase two was conducted August 16 to October 22, 2004 , with emphasis on collecting surface-and ground-water data in the remainder of the Elk Creek watershed. Identical methods for all field and laboratory procedures were used during the two phases.
Ground-water samples were collected from 38 shallow wells (less than 105 feet deep) screened in glacial aquifers within the Elk Creek watershed. Six surface-water samples were collected, and discharge measurements were made at intervals along the 12.6-mi reach of Elk Creek from the northwestern part of the watershed to near the confluence of Elk Creek with the Great Miami River ( fig. 2 ).
All samples were analyzed for nutrients, nitrate, nitrite, ammonia, dissolved organic carbon (DOC), and alkalinity to characterize the ground water and surface water in the watershed. All samples containing nitrate concentrations greater than 0.06 mg/L subsequently were analyzed for the stable isotopes of nitrate (for nitrogen, 15 N and 14 N; and for oxygen, 18 O and 16 O) to identify the sources of the nitrate. Samples from four sites representing the glacial-aquifer mineralogy and geochemistry were analyzed for major ions to assess the general ground-water characteristics in the watershed.
Purpose and Scope
This report (1) assesses the prevalence of elevated concentrations of nitrate throughout the Elk Creek watershed, (2) evaluates any spatial variation that may exist regarding nitrate concentrations within the watershed, and (3) identifies the likely sources of nitrate within the watershed. This report also documents methods used throughout the project and data 
Geographic and Hydrogeologic Setting of the Study Area
Elk Creek is in the south-central part of the Great Miami River watershed ( fig. 1 ). The geology of the Great Miami River watershed consists of unconsolidated Pleistocene glacial deposits, predominantly Wisconsinan and Illinoian in age, overlying a thick sequence of older limestones and shales of Devonian, Silurian, and Ordovician age (Klaer and Thompson, 1948; Norris and Spieker, 1966) . The geology of the region influences many of the physical properties of the landscape such as soil type, topography, runoff, and the quality of surface and ground water. The types of surficial deposits in a watershed and their distribution are important in determining how water is transported through the system and the amount and types of dissolved minerals in the water (Debrewer and others, 2000) .
The Great Miami River channel is 170.3 mi long, with a watershed that drains an area of approximately 5,385 mi 2 . The watershed has a length of approximately 120 mi and contains parts of 15 counties in Ohio and 2 in Indiana ( fig. 1 ). Landsurface altitudes range from 1,550 ft in the northern parts of the watershed to 450 ft at the confluence of the Great Miami River with the Ohio River in Hamilton County, Ohio (Miami Conservancy District, 2002) .
Major aquifer systems within the Great Miami River watershed include sand and gravel buried-valley aquifers associated with the Great Miami River and its principal tributaries, shale and limestone bedrock aquifers, and water-bearing sand and gravel lenses within overlying glacial till. Of these major aquifer systems, the Great Miami River Buried Valley Aquifer System (GMR-BVAS) is the most-productive ground-water resource (Ohio Department of Natural Resources, 1999) . This large aquifer system ( fig. 1 ) provides potable water for many communities within the Great Miami River Watershed (Miami Conservancy District, 2001; Miami Conservancy District, 2002) . The GMR-BVAS consists of highly permeable sand and gravel deposits that fill or partially fill preglacial river valleys.
The study area, the Elk Creek watershed, is 47.7 mi 2 (Ohio Department of Natural Resources, 1967) and includes parts of Butler, Preble, and Montgomery counties ( fig. 1 ). The entire study area is within the Southern Ohio Loamy Till Plain section (Brockman, 1998) of the Central Lowland Physiographic Province (Fenneman, 1938) and overlies a part of the GMR-BVAS. Land use within the watershed is approximately 93 percent agricultural, 3 percent forest, and 4 percent urban developed for commercial and residential use (Ohio Department of Natural Resources, 1994) . The largest urban area in the watershed is the northeastern part of the City of Trenton, population 8,746 (U.S. Census Bureau, 2000) , in the southeastern tip of the watershed. This urban area, which includes the City of Trenton's Northeast Wellfield ( fig. 2 inset) , is developing rapidly and was an agricultural as recently as September 1999 (Todd Kehr, oral commun., 2003) . The GMR-BVAS ( fig. 3) is the primary source of local potable water in this urban area.
Surficial deposits in the Elk Creek watershed consist primarily of Holocene alluvial and Pleistocene till and glacial outwash deposits ( fig. 3) . The modern alluvial deposits are along Elk Creek and consist of silty sand, gravel, and clayey till. Low water yields of 3 to 10 gal/min have been reported from wells completed in interbedded layers of sand and gravel at depths greater than 25 ft (Schmidt, 1986) . Some wells in this study, such as BU-1195 and BU-1186, are completed in alluvial deposits and have yields of 35 and 50 gal/min, respectively.
Glacial deposits in the Elk Creek watershed include buried valleys (GMR-BVAS) and till mapped as four distinct deposits in figure 3: thin upland, complex, end moraine, and ground moraine. The GMR-BVAS near the City of Trenton consists of highly permeable sand and gravel layers deposited by glacial meltwaters during several glacial events in southwestern Ohio. Recharge to the sand and gravel aquifer includes infiltration of precipitation, inflow of ground water from adjacent uplands, infiltration of river water from reaches where surface-water recharge occurs (Norris and Spieker, 1966) , and possibly induced infiltration near pumping wells (Sheets and others, 2002) . Water yields from wells completed in the GMR-BVAS range from 100 to more than 1,000 gal/min (Schmidt, 1986) .
Well yields less than 2 gal/min are typical from the thin upland glacial deposits in the southern part of the watershed (Schmidt, 1986) . The thickness of these deposits is generally less than 35 ft. The thin upland glacial deposits comprise clayey till with sand and gravel lenses that overlie shaley limestone.
Complex till deposits are generally more than 100 ft thick. These deposits are till that is not defined as either upland or moraine; the till consists of clay and silt with interbedded sand and gravel layers. Complex till is found in two small areas within the Elk Creek watershed ( fig. 3) .
Glacial moraine deposits include end and ground moraines that are north and east of Elk Creek. Moderate yields (5 to 25 gal/min) can be obtained from sand and gravel layers interbedded with the thick layers of clay in these moraines (Walker, 1986) . The moraine deposits may be 160 to 230 ft thick, but the water-bearing units within them are generally thin and not extensive (Schmidt, 1986) .
In 2003, the Miami Conservancy District completed a regional synoptic water-level survey in eastern Butler County, Ohio, which included the City of Trenton. Based on this survey, the regional ground-water-flow direction is from the northeast to the southwest (Michael Ekberg, Miami Conservancy District, oral commun., 2003 Ground-water-flow paths in the upper watershed in the glacial and alluvial sediments follow surface topography, and flow is toward Elk Creek ( fig. 5 ). The ground-water-flow paths in the southwestern section of the lower watershed are also predominantly toward Elk Creek, with the exception of the area near the Northeast Wellfield. Because of high permeability of the aquifer material, water pumped by the production wells may be coming from Elk Creek by way of induced infiltration, local ground water along preferred flow paths, the GMR-BVAS near the Great Miami River, or possibly outside the study area.
Study Methods
All water samples were collected by USGS or Miami Conservancy District personnel. Standard USGS water-quality sampling and analytical methods as detailed by Wilde and others (1999, 2004) were used in sampling all wells. Site location, elevation, and field identification were determined by global positioning system instrumentation or topographic maps. Photographs of each site for future reference were taken and stored at the USGS Ohio Water Science Center in Columbus.
Site Selection
Selection of ground-water sites focused on wells completed in unconsolidated glacial and alluvial aquifers that were either within or adjacent to the Elk Creek watershed. Wells in the southeastern tip of the Elk Creek watershed, near the City of Trenton, were inventoried during the first phase of the study (2003) . Wells throughout the remainder of the watershed were inventoried during the second phase of the study (2004) . Study sites were selected from these lists. Representative spatial distribution, availability and evaluation of well logs, and access to property were other site-selection criteria.
Collection and Analysis of Water-Quality Data
Ground-water samples were collected from 20 domestic wells during 2004. Ground-water samples were collected from 14 domestic, 1 industrial, and 3 public-supply wells during 2003. All samples were collected directly from the well owners' dedicated spigot, using the existing well-pump system. Samples were collected at all sites prior to any water treatment, such as water softeners. USGS personnel inspected all of the systems that were sampled.
All ground-water samples were collected after field personnel determined wells were purged of at least three casing volumes of water and verified that onsite measurements of pH, temperature, dissolved oxygen (DO), specific conductance, and turbidity had stabilized. Onsite measurements were made at all sites, using a field-calibrated multiparameter probe. Onsite measurements were considered stable when five sequential readings taken at 1-minute intervals were within accepted ranges of variation. Water was passed through a 0.45-µm capsule filter for nutrient, isotope, DOC, and alkalinity analyses. All samples were preserved by chilling on ice and (or) by acidification following USGS protocol (Wilde and others, 2004) . Samples were collected from six surface-water sites along Elk Creek during August 2004. Five of the sites were downstream from major tributaries, and one site was upstream from the confluence with the Great Miami River. The six surface-water sites were sampled during low-flow conditions to achieve the best representation of ground-water influence. During this low-flow period, streamflow in Elk Creek was almost exclusively from base flow or ground-water inflow. Under other hydrologic conditions, direct precipitation, surface runoff, interflow, and baseflow contribute to surfacewater flow. Low-flow conditions were determined, using the discharge measurement in Elk Creek and streamflow studies by Straub (2001) . Streamflow in Elk Creek below Dry Run on August 16, 2004 was 1.74 ft 3 /s; streamflow was considered low flow because it was exceeded 85 percent of the time during an average climatic year based on a period of record of April to March, as calculated with the duration-of-flow analysis method.
Samples were collected, using the equal-width-increment (EWI) method that produces a representative mixture of surface-water flow. The EWI method is the collecting and compositing of depth-integrated subsamples taken at equal distances across the entire stream width (Wilde and others, 1999) . Streamflow was measured at each of the six surface-water sites at the time of sampling using standard USGS methods. Most tributaries to Elk Creek between the farthest upstream site and the mouth of Elk Creek were dry, wet but not flowing, or flowing at a rate too low to be measured by a pygmy current meter or other mechanical means. Two culvert outfalls to Elk Creek downstream from Dry Run contained measurable discharge; water-quality samples were not collected from these two sites.
The USGS National Water Quality Laboratory in Denver, Colo., analyzed samples for dissolved nutrients, nitrate, nitrite, ammonia, major ion concentrations, and DOC. The USGS Reston Stable Isotope Laboratory in Reston, Va., analyzed nitrogen and oxygen isotope ratios in nitrate from 27 samples that had reported nitrate concentrations greater than 0.06 mg/L out of 44 total samples, and from BU-1183 that had an estimated nitrate concentration of 0.04 mg/L. Nitrate samples were converted by bacterial reactions to nitrous oxide and subsequently analyzed, using a continuous-flow isotope ratio mass spectrometer to determine the stable isotope ratios. These analyses are expressed, using δ notation, in units of per mil, defined as: (Coplen, 1988; 1994) . Sample value reproducibility including processing and analysis had a 2-sigma uncertainty (95 percent repeatability) of 0.5 per mil for nitrogen and 1.0 per mil for oxygen.
The USGS Ohio Water Microbiology Laboratory in Columbus, analyzed total coliform and Escherichia coli (E. coli) bacteria in samples from each ground-water site, using the mI agar method (U.S. Environmental Protection Agency, 2000). Bacterial analyses were conducted to assess likely sources of NO 3 such as animal waste or surface contamination of wells. Measured values were reported in terms of the number of bacteria colonies detected per 100 mL of sample.
Quality Assurance/Quality Control for WaterQuality Measurements
Data-collection and analytical procedures used in this study incorporated practices designed to control, verify, and assess the quality of sample data. All measurements and samples were collected consistently; the same equipment, sampling personnel, and field vehicle were used during this project. Quality-assurance procedures for the collection and field processing of water-quality samples are described by Francy and others, 1998. Standard procedures of the USGS National Water Quality Laboratory for internal sample handling and quality assurance are described by Pritt and Raese, (1995) . Standard procedures of the USGS Reston Stable Isotope Laboratory for internal sample handling and quality assurance are described by Coplen, (2006) . Standard procedures of the USGS Ohio Water Microbiology Laboratory for internal sample handling and quality assurance are described by Francy and others (1998) and by the American Public Health Association and others (1992) .
Replicate samples were obtained in the field to provide data on precision (reproducibility) for samples exposed to all sources of variability. Precision of analytical results for field replicates is affected by many sources of variability within the field and laboratory environments, including sample collection, processing (filtration, preservation, transportation, and laboratory handling), and analysis. For this study, five replicates were collected concurrently in the field (sites BU-1182, BU-1186, BU-1195, PR-231, and Elk Creek below Dry Run) and analyzed separately for nutrients, nitrate, nitrite, ammonia, DOC, and alkalinity (table 1). Nitrate concentrations varied by 3.3 percent or less, alkalinity by 3.4 percent or less, and DOC by 0.4 mg/L or less. The analytical results of these replicate samples indicate low variability in field or laboratory methods. Replicate samples collected at three ground-water sites (BU-1182, BU-1195, PR-231) also were analyzed for bacteria (E. coli and total coliform). Bacterial results did not vary for these replicate samples ( Equipment blanks were collected and analyzed to test for bias from possible environmental contamination of equipment and to verify that decontamination procedures and laboratory protocols were adequate (Koterba and others, 1995) . Equipment blanks were collected at the beginning of each field season, prior to any sample collection. An equipment blank is an aliquot of deionized water that is certified as virtually free of measured inorganic compounds and is processed through the same sampling equipment used to collect surface-and ground-water samples. The blank then is subjected to the same processing (filtration, preservation, transportation, and laboratory handling) as the surface-and ground-water samples. Blank samples were analyzed for the same constituents as those of other samples to identify whether any detectable concentrations existed. Concentrations of nutrients, major ions, and bacteria were not detected in any of the equipment blanks.
Chemical and Physical Characteristics of Ground Water and Surface Water
Samples were collected in ground water and surface water to assess nitrate concentrations and identify likely sources of nitrate. Water samples were collected at 38 groundwater sites and 6 surface-water sites during 2003 and 2004. Table 1 , at back of report, lists chemical and physical characteristics of these samples, including onsite measurements and analytical results of major ions, nutrients, bacteria, and stable isotope ratios. Table 2 , at back of report, lists physical characteristics of wells sampled, including well depth, water level, aquifer type, altitude of land surface, and open interval. Table 3 , at back of report, lists physical measurements at surface-water sites, including streamflow and gain or loss in flow. Nitrate concentrations in water from ground-and surfacewater sites in the Elk Creek watershed generally are low, except for concentrations in ground water in an area north of and downgradient from the City of Trenton (table 1, fig. 6 ). Nitrate concentrations in ground water throughout the Elk Creek watershed range from less than the reporting limit of 0.06 mg/L to 11 mg/L (table 1) , with a mean concentration of 2.4 mg/L and a median of 0.2 mg/L. Calculations of mean and median concentrations included data reported in terms of "less than" or "estimated" and used the reporting limit or value given. Water from nearly all sites in the watershed upstream from the City of Trenton and Dry Run contain nitrate concentrations near or below the laboratory reporting limit of 0.06 mg/L (green symbols in fig. 6 ). In the area north of and downgradient from the City of Trenton, nitrate concentrations in ground water from 12 of the 18 wells are greater than 2.0 mg/L (yellow, orange, or red symbols in fig. 6 ). Nitrate concentrations of less than 2.0 mg/L generally are considered to be background values, whereas greater concentrations likely result from anthropogenic sources (Rowe and others, 2004) . Nitrate concentrations in water from five of the wells in this area are greater (>6.0 mg/L, orange or red symbols in fig. 6 ) than those in the rest of the watershed.
Nitrate concentrations in the City of Trenton publicsupply wells BU-1170 and BU-1171 are 3.8 and 5.6 mg/L, respectively (table 1) . According to a previous study, water from these public-supply wells was sampled periodically from 1996 to 2002; nitrate concentrations decreased during that time and ranged from 3.9 to 14.3 mg/L (Todd Kehr, written commun., City of Trenton, 2003) , exceeding the 10 mg/L MCL. A regional study for the entire Great Miami River watershed showed that nitrate concentrations typically range from below the detection limit of 0.041 mg/L to 5 mg/L in the GMR-BVAS (Debrewer and others, 2000) .
Nitrate concentrations in the surface-water samples col- . 7) . PR-234 is a 10-ft. deep uncased well in unconsolidated deposits, and the isotope values are within normal environmental ranges (Kendall, 1998) . The nitrate source, however, cannot be determined as definitively for this sample because the original δ 15 N value of the nitrate source likely was altered by denitri- fig. 7) .
(Wells BU-1180 and PR-230 likely are completed in bedrock; isotope values from these wells are not included. Typical isotope ranges in various sources modified from Clark and Fritz, 1997.).
Major-ion concentrations were analyzed in samples from four wells (table 1) . Wells BU-1170, BU-1186, BU-1193, and BU-1195 were selected for analysis of major ions to provide a general characterization of the water spatially distributed throughout the Elk Creek watershed. This limited amount of data indicates that ground water in the Elk Creek watershed is classified primarily as calcium-magnesium-bicarbonate type water ( fig. 8 ). This water type is common throughout the Great Miami River watershed glacial aquifers (Eberts and George, 2000) because the source rock of the glacial deposits is primarily the underlying limestone and shale bedrock (Strobel and Faure, 1987) . Chloride generally is considered a conservative constituent in ground water because it is chemically unreactive in most environments (Altman and Parizek, 1995) . Concentrations of chloride range from 2.8 mg/L to 34.7 mg/L and are within background levels for southwestern Ohio (Kunze and Sroka, 2004) . DOC concentrations range from 0.5 to 1.4 mg/L in water from the 38 sampled wells and from 1.6 to 3.1 mg/L in water from the 6 surface-water sites in Elk Creek (table 1) .
Concentrations of DO range from the reporting level of 0.1 mg/L to 8.1 mg/L in water from 37 sampled wells and from 7.7 to 11.6 mg/L in water from the 6 surface-water sites in Elk Creek (table 1) . The median DO concentration in the lower watershed is 5.1 mg/L; in the upper watershed, it is 0.2 mg/L. DO concentrations correlate positively with nitrate concentrations in Elk Creek watershed (Pearson's r=0.84). Ammonia was detected, at low concentrations (0.05 and 0.67 mg/L), at only two sites in the oxic lower watershed, but was detected at 16 out of 20 sites in the anoxic upper watershed (table 1) .
Phosphorus is an essential nutrient for the growth of plants, and orthophosphate is the most-abundant form of phosphorus naturally occurring in surface water (Kentucky Division of Water, 2003) . Orthophosphate and phosphorus concentrations in water from the six surface-water sites in Elk Creek are either at or below the detection level of 0.02 mg/L (table 1) .
Under natural conditions, orthophosphate occurs at low concentrations (0.02 mg/L) in shallow ground water (U.S. Geological Survey, 1999). Orthophosphate concentrations in water from all but four wells are less than this background level (table 1) . Orthophosphate concentrations in water from four wells in the lower watershed (BU-1175, BU-1176, BU-1179, and BU-1182) exceed this background level, ranging from 0.067 mg/L to 0.13 mg/L; the range suggests a possible anthropogenic source.
Phosphorus concentrations in water from all but five wells are less than the detection level of 0.04 mg/L (table 1). Phosphorus concentrations that are greater than the detection level were in water samples from wells just north of and downgradient from the City of Trenton (BU-1172, BU-1175, BU-1176, BU-1179, and BU-1182) and range from 0.08 mg/L to 0.14 mg/L. Obvious upgradient wastewater sources of orthophosphate and phosphorus are not apparent; however, detectable concentrations of orthophosphate and phosphorus may be related to onsite or adjacent-area land-use/ management practices (including livestock production/grazing or application of phosphate-rich fertilizers).
Ammonia concentrations in water from the 6 surfacewater samples and 22 of the 38 ground-water samples are less than the detection level of 0.04 mg/L (table 1 presence of E. coli provides direct evidence of fecal contamination from warm-blooded animals. Total coliform indicates a vulnerability to surface contamination. E. coli was detected in water from 1 well, BU-1197, and total coliform was detected in water from 15 wells (table 1). The spigot orifice of BU-1197 is at ground level and is in direct contact with soil and detritus; therefore the presence of E. coli in water from this well could be a result of surface contaminants and may not be representative of E. coli concentration in the aquifer. Total coliform in water from 15 wells ranges from 2 to 85 col/100 mL. Wells that contain detected concentrations of total coliform are spatially distributed throughout the watershed. Total coliform does not significantly correlate with any other water quality characteristic, well depth, or type of aquifer.
Streamflow measurements correspond to an annual exceedence of approximately 85 percent when compared to a previous low-flow study of Elk Creek (Straub, 2001 , 2003) . Therefore, water lost by the stream cannot be attributed only to ground water withdrawals by the production wells. The loss also may be related to the intersection of the Elk Creek Valley with the GMR-BVAS. Elk Creek water may be recharging the GMR-BVAS near the Great Miami River or there may be additional flow paths not identified.
The two outfalls below Dry Run had streamflows of 0.0056 and 0.014 ft 3 /s (table 3) . The margin of error associated with the discharge measurements ranges from ± 5 to ±8 percent.
Evaluation of Nitrate Concentrations and Sources in the Elk Creek Watershed
Concentrations of nitrate in ground water in the upper Elk Creek watershed are generally lower (median of 0.06 mg/L) than concentrations in ground water in the lower Elk Creek watershed (median of 4.2 mg/L). The difference between recorded nitrate concentrations in the upper and lower watersheds possibly is caused by a different source of nitrate in the lower watershed, the mixing of multiple aquifer waters, or changes in geochemical reactions resulting from differing DO content and the type of aquifer.
Nitrate concentrations in ground water were measured in City of Trenton public-supply wells and in surface water in Elk Creek adjacent to the Northeast Wellfield, from 1996 to 2002 (Todd Kerr, written commun., 2003) . Values were recorded weekly to quarterly during these 6 years. Concentration of nitrate in the public-supply wells ranged from 3.9 to 14.3 mg/L, and concentration in surface water ranged from <0.2 to 6.6 mg/L during the same period.
In Streamflow in Elk Creek increases along the entire mainstem, except for a short segment between the City of Trenton Northeast Wellfield and the confluence with the Great Miami River ( fig. 7) .
Water-quality information from the Elk Creek watershed indicates that nitrate concentrations are low in ground and surface water throughout the watershed. An exception is an area in the southeast tip of the watershed, north of and downgradient from the City of Trenton. Four possible and general sources of nitrate in the unconsolidated deposits in this area are Elk Creek, atmospheric deposition, manure and septic effluent, fertilizers, and soil organic matter. Atmospheric deposition is considered a possible source of nitrate but data collected during this study indicate that atmospheric deposition was not a measurable contributor in the Elk Creek watershed ( fig. 7) .
Even though streamflow measurements indicate recharge to ground water from Elk Creek near the City of Trenton public-supply wells, induced infiltration of surface water from Elk Creek is likely only a partial source of recharge to these wells. Nitrate concentrations in Elk Creek are much lower than those in water from the public supply-wells, indicating another source of water with high concentrations of nitrate is recharging the wells. Stable isotope values are higher in Elk Creek than in water from the public-supply wells, however, indicating that yet and additional source of water with lower isotope values is recharging the wells. The low concentrations of nitrate and high stable isotope values in nitrate in Elk Creek are a likely result of denitrified ground water that discharges to Elk Creek throughout much of the watershed. Some decrease in stream nitrate concentration can be attributed to aquaticplant uptake, but isotopic fractionation by plant uptake is negligible (Kendall, 1998) .
Stable isotope values in the upper part of Elk Creek watershed have been affected by denitrification, as indicated by low DO concentrations, high dissolved iron and manganese concentrations, and high bicarbonate concentrations (table 1) . DO concentrations in wells in the lower watershed sand and gravel GMR-BVAS and alluvial aquifers are high, indicating an oxic environment. The high DO levels (median of 5.1 mg/ L) may be the result of rapid infiltration of local precipitation through the soil (Freeze and Cherry, 1979) . Wells in the upper watershed are open, or screened, in sand and gravel layers within end or ground moraines or in alluvial deposits of limited extent. DO concentrations in wells in the upper watershed are low (median of 0.2 mg/L), indicating an anoxic environment. The median nitrate concentration in the upper watershed (0.06 mg/L) is less than that in the lower watershed (4.2 mg/L); the median ammonia concentration in the upper watershed (0.36 mg/L) is greater than that in the lower watershed (<0.04 mg/L). These data indicate that denitrification may be occurring in the upper watershed and that nitrification of ammonium may be occurring in the lower watershed.
Denitrification is one outcome of the bacterial oxidation of organic carbon. Organic carbon is a common, and possibly required, nutrient for denitrifying bacteria (Puckett and Cowdery, 2002; Trudell and others, 1986) . Bacterially mediated denitrification does not occur in oxic conditions. Denitrification occurs in a reducing environment, such as in the upper watershed, in the presence of an available electron donor such as organic carbon. In such a reducing environment, nitrate becomes the preferential electron receptor, leading to denitrification (Puckett and Cowdery, 2002) . Once the nitrate is consumed, manganese oxide and iron oxide become the preferred terminal electron receptors, and manganese and iron can enter solution. In this study four sites were sampled for major ions (table 1) . Denitrification may be a cause of higher dissolved iron (1,610 and 1,970 µg/L) and higher dissolved manganese (8.5 and 17.3 µg/L) at the two sites in the upper watershed compared to values for dissolved iron (<8 and 13 µg/L) and dissolved manganese (E0.3 and 3.0 µg/L) at the two sites in the lower watershed, Concentrations of DOC, which serves as fuel for the denitrification process, were uniform throughout the watershed. Bicarbonate is the most-easily measured end product of denitrification and is conservative (Trudell and others, 1986) ; it can indicate denitrification. Bicarbonate was higher in the upper watershed than in the lower watershed and is negatively correlated with nitrate (Pearson's r = -0.55).
No discrete point sources of nitrates, ammonia, or nutrients that flowed into Elk Creek (such as treatment plants, industrial effluent pipes, or conduits) were found. The two outfalls measured in this study carried surface-water drainage, and the City of Trenton sewage-treatment-plant outfalls discharge into the Great Miami River. Nonpoint sources typically contribute most of the instream nutrient loads in the Great Miami River Basin (Reutter, 2003) . The consistent ground-water chemistry, as displayed in the trilinear diagram ( fig. 8) (Flipse and Bonner, 1985) . Nitrification of ammonium occurs in oxic ground water such as that in the lower watershed. This is a possible mechanism for the presence of nitrate in the aquifer. An exchange or mixing of nitrate from naturally occurring soil organic matter with nitrate from ammonia fertilizer further can complicate the isotopic analysis. The relative contribution of nitrate from ammonia fertilizer cannot be determined because of a lack of information about the areal extent and application rates of the fertilizer. Other nitrate sources such as septic effluent, atmospheric deposition, and nitrate fertilizers are known contributors to total nitrate loads.
The data collected during this study, however, show that the likely sources of observed nitrate in the Elk Creek watershed are soil organic matter and/or ammonia fertilizer ( fig. 7) . Isotopic enrichment can shift isotopic values from the typical range of one source to the typical range of a different source. fig. 7) indicates that the origination of nitrate for all sampled sites is the same. The slope of this line, 0.5 (r 2 = 0.77), shows enrichment of 15 N to 18 O by a factor of 2 to 1. This 2:1 ratio is consistent with values typically reported for isotopic enrichment by denitrification (Mengis and others, 1999; Kendall, 1998; Böttcher and others, 1990) .
Surface-water isotope values plot along or near the denitrification line related to soil organic matter and ammonia fertilizer; they also plot within the range of manure and septic effluent ( fig. 7) . Livestock in pastures and barn yards near Elk Creek and its tributaries are potential sources of this surfacewater nitrate. The isotopic evidence indicates the sources of nitrate in the ground water are soil organic matter and the nitrification of ammonium from ammonia fertilizer.
Summary
Nitrate concentrations in ground water within the Elk Creek watershed north of Trenton, Ohio have exceeded the maximum contaminant level of 10 mg/L. The USGS, in cooperation with the Miami Conservancy District, conducted a study to evaluate the levels of nitrate concentrations and their sources. During the late summer and fall of 2003 and 2004, 38 ground-water Summaryand 6 surface-water samples were collected and analyzed for dissolved nutrients, dissolved organic carbon, and alkalinity. Thirty-seven ground-water wells were analyzed for E. coli and total coliform bacteria. All samples with nitrate concentrations greater than 0.06 mg/L subsequently were analyzed for δ 15 N and δ
18
O values. Ground-water nitrate concentrations ranged from below the reporting limit of 0.06 mg/L to 11 mg/L, with lower values in the upper watershed (median value of 0.06 mg/L) when compared to those in lower watershed (median value of 4.2 mg/L). The difference in nitrate concentrations between the upper and lower watershed is attributable to denitrification in the shallow ground water. The levels of dissolved organic carbon and low dissolved oxygen in the upper watershed are suitable conditions for denitrification. High bicarbonate levels, an end-product of the denitrification process, also are present in the upper watershed.
Nitrate concentrations within the upper and lower watersheds do not appear to be related to land use or the mixing of multiple aquifer waters. An evaluation of land use in the watershed revealed that the predominant use is agricultural (93 percent), and no point sources of nitrates were identified. Furthermore, bacterial analyses provided no evidence of septic contamination. An analysis of limited major-ion concentration data indicated the ground water was a homogeneous calciummagnesium-bicarbonate water type throughout the watershed.
The likely sources of nitrate to the watershed, based on isotopic analysis of oxygen and nitrogen in the dissolved nitrate, are soil organic matter and ammonia fertilizer. 
O values for most ground-water samples plot near the typical ranges for soil organic matter and ammonia fertilizer. Despite a large range of isotope values and concentrations, the sources of nitrate for all samples analyzed in this study are the same. Those samples that plot outside these typical ranges plot along a denitrification line that leads back to pre-denitrification values that are also in the soil organic matter and ammonia fertilizer ranges. [mg/L, milligram per liter; µg/L, microgram per liter; µS/cm, microsiemens per centimeter; per mil, parts per thousand; NTU, nephelometric turbidity units; mL, milliliter; --, unavailable; <, less than; >, greater than; E, estimated; δ notation, isotope ratio; rep, replicate sample; Cr. Table 1Table 2 . Physical characteristics of wells sampled in the Elk Creek watershed, southwestern Ohio. 
